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Department of Biochemistry and Biophysics, Stockholm University, Stockholm, SwedenABSTRACT Structural changes in rabbit muscle pyruvate kinase (PK) induced by phosphoenolpyruvate (PEP) and Mg2þ
binding were studied by attenuated total reﬂection Fourier transform infrared spectroscopy in combination with a dialysis acces-
sory. The experiments indicated a largely preserved secondary structure upon PEP and Mg2þ binding but also revealed small
backbone conformational changes of PK involving all types of secondary structure. To assess the effect of the protein environ-
ment on the bound PEP, we assigned and evaluated the infrared absorption bands of bound PEP. These were identiﬁed using
2,3-13C2-labeled PEP. We obtained the following assignments: 1589 cm
1 (antisymmetric carboxylate stretching vibration);
1415 cm1 (symmetric carboxylate stretching vibration); 1214 cm1 (C-O stretching vibration); 1124 and 1110 cm1 (asymmetric
PO3
2- stretching vibrations); and 967 cm1 (symmetric PO3
2- stretching vibration). The corresponding band positions in solution
are 1567, 1407, 1229, 1107, and 974 cm1. The differences for bound and free PEP indicate speciﬁc interactions between ligand
and protein. Quantiﬁcation of the interactions with the phosphate group indicated that the enzyme environment has little inﬂuence
on the P-O bond strengths, and that the bridging P-O bond, which is broken in the catalytic reaction, is weakened by <3%. Thus,
there is only little distortion toward a dissociative transition state of the phosphate transfer reaction when PEP binds to PK. There-
fore, our results are in line with an associative transition state. Carboxylate absorption bands indicated a maximal shortening of
the length of the shorter C-O bond by 1.3 pm. PEP bound to PK in the presence of the monovalent ion Naþ exhibited the same
band positions as in the presence of Kþ, indicating very similar interaction strengths between ligand and protein in both cases.INTRODUCTIONPyruvate kinase (PK) is a key enzyme of the glycolytic
pathway that catalyzes the transfer of phosphate from
phosphoenolpyruvate (PEP) (Fig. 1 a) to adenosine diphos-
phate (ADP):
PEP þ ADP #PK pyruvate þ ATP:
The physiological reaction of pyruvate kinase proceeds in
two chemical steps. The first step is phosphoryl transfer
from PEP to ADP which produces ATP and the enolate of
pyruvate (1). The second step is the addition of a proton to
the enolate of pyruvate to produce pyruvate (2).
Rabbit muscle pyruvate kinase (EC 2.7.1.40, sequence
code AAB61963) consists of four subunits of 530 residues
each. Each subunit folds into four domains: A, B, C, and
N. Domain N (residues 1–42) is a short helix-turn-helix
motif, domain A (residues 43–115 and residues 224–387)
is a parallel (b/a)8 barrel, domain B (residues 116–223) is
a nine-stranded b-barrel, and domain C (residues 388–530)
is composed of five a-helices and a five stranded b-sheet.
The active site lies in the pocket between domains A and
B of the same subunit. Structures of the active site with
bound ligands indicate that the side chains of Arg72 and
Lys269 bind the phosphate group of PEP or the g-phosphate
of ATP (3,4).Submitted August 27, 2009, and accepted for publication December 28,
2009.
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0006-3495/10/05/1931/10 $2.00Pyruvate kinase has four metal binding sites; it requires
divalent cations (5–7) and monovalent cations (8–10) for
activity. In the presence of divalent cations, pyruvate kinase
is active in a medium containing the univalent cations Kþ,
Rbþ, or NH4
þ, but only weakly active in the presence of
Naþ (11,12). By use of nuclear magnetic resonance (NMR),
Mildvan and Cohn (13) have observed that Kþ enhances the
relaxation rate of water protons in the ternary complex pyru-
vate kinase-manganese-phosphoenolpyruvate. This indicates
that Kþ affects the conformation of the enzyme in the pres-
ence of PEP and Mn2þ. The crystal structure of rabbit muscle
pyruvate kinase (14) provides insight into the roles of various
groups in binding of divalent and monovalent cations. Mn2þ
(14) or Mg2þ (4) coordinates to the protein through the
carboxylate side chains of Glu271 and Asp295 and Kþ coordi-
nates to four protein ligands: Thr113, Ser76, Asn74, andAsp112.
Crystal structures have been obtained with several ligands
(3,4,14) but not with PEP due to the slow hydratase activity
of pyruvate kinase. As a close analog, L-phospholactate has
been used (4). Interestingly, the active sites of different
subunits adopt different conformations that result in different
degrees of closure of the cleft that forms the active site (4).
One of eight sites is closed and Mg2þ coordinates to L-phos-
pholactate and protein. The other sites are open and coordina-
tion between Mg2þ and L-phospholactate is lost. Open and
closed conformations have also been observed in NMR relax-
ation measurements, indicating an open conformation in the
complex with Mn2þ but closed conformations in the ternary
complexes with PEP and L-phospholactate (15).doi: 10.1016/j.bpj.2009.12.4335
FIGURE 1 Chemical structures of (a) PEP and (b) pyruvate. Asterisks
indicate the 13C-labeled carbon atoms in panel a.
1932 Kumar and BarthIn this study, we used reaction-induced infrared (IR) differ-
ence spectroscopy to study structural changes of PK induced
by PEP binding. The method is more sensitive than a compar-
ison of IR absorption spectra of samples with andwithout PEP
and yields valuable information on ligand-induced structural
changes (16–20). We used a variant of the attenuated total
reflectance (ATR) technique in which a sample compartment
in contact to the ATR crystal is separated by a dialysis
membrane froma reservoir (21,22). The absorptionof the solu-
tion in the sample compartment is probed by the IR beam. The
protein is confined to the sample compartment. The ligands on
the other hand can exchange freely between the sample
compartment and the reservoir via the dialysis membrane.
Therefore, the sample composition can be altered by adding
a substance to the reservoir. Our results demonstrate a confor-
mational change of pyruvate kinase upon binding of PEP and
small changes in the bond strengths of PEP when it binds.MATERIALS AND METHODS
Materials
Pyruvate kinase (PK) from rabbit muscle, monopotassium salt of PEP, pyru-
vate, ADP, andMOPS (3-[n-morpholino] propanesulphonic acid) and deute-
rium oxide (99.9 atom % D) were purchased from Sigma (St. Louis, MO).
Labeled PEP (2,3-13C2) was purchased from Cambridge Isotopes Laborato-
ries (Andover, MA). The labeled carbon atoms are indicated by asterisks in
Fig. 1 a. Tris-HCl was obtained from Angus Chemical (Buffalo Grove, IL).
KCl, NaCl, and MgSO4 were obtained from Scharlau Chemie (Sentmenat,
Spain). Cellulose dialysis membranes CelluSep F3 of molecular weight
cutoff 12,000–14,000 were purchased from Orange Scientific (Braine-l’
Alleud, Belgium).
Methods
PK sample preparation
For difference spectroscopy, 0.8 mM of rabbit muscle PK (23) was prepared
in buffer (Tris-HClþMOPS, pH, 7.5) containing 200 mM KCl or NaCl and
4 mM of MgSO4. Deuterated samples of PK were prepared in a similar way,
and the pD adjusted to 7.6. The pH meter reading was corrected by þ0.4 to
obtain pD (24). For recording of absorption spectra, labeled and unlabeled
PEP, and pyruvate (Fig. 1 b) were dissolved in H2O and the absorption spec-
trum measured at pH 7.5.
Fourier transform infrared studies
Our ATR-dialysis setup has been described previously (22). The PK sample
was placed between the ATR reflection element and the dialysis membrane in
the following way: A 2 mL drop of PK sample was placed on the ATR crystal
and another 4 mL were deposited as a hanging drop on the dialysis membrane
at the bottom of the reservoir. The sample compartment was then closed byBiophysical Journal 98(9) 1931–1940bringing the reservoir toward the ATR crystal. The solution in the reservoir
was stirred with a small mechanical stirrer for fast equilibration.
Fourier transform infrared (FTIR) spectra were recorded at 4 cm1 reso-
lution on a Vertex 70 FTIR spectrometer (Bruker Optik CpmbH, Ettingen,
Germany) equipped with an HgCdTe detector. The experiments were per-
formed at room temperature. PK was equilibrated by continuous diffusion
of buffer and salts across the dialysis membrane. The absorbance spectrum
was recorded at regular intervals. Within 2–3 h, the protein absorption
increased because the protein settled on the ATR crystal. After the absorp-
tion spectrum of the sample became time-independent, a 500-scan, single-
beam spectrum (background spectrum) was recorded. Then 2 mL of PEP
(50 mM, pH 7.5) were added to the 4 mL solution in the reservoir, after
which 20 spectra in the absorption mode (150 scans each) were recorded
for 4 min. Addition of PEP and spectra recording was repeated up to three
times. For activity measurements, 50 mM of ADP was added to the reservoir
before recording of the background spectra and the addition of PEP.
Evaluation of bond strengths and bond lengths
Bond parameters for the phosphate group were then derived, using our work
on the Ca2þ-ATPase (25) that was based on a study by Deng et al. (26).
From the band positions of the symmetric and asymmetric stretching vibra-
tions of the terminal P-O bonds, a fundamental frequency or wavenumber n
can be calculated according to n¼ [(ns2þ2nas2) / 3]1/2 (26). The fundamental
wavenumber can be used to calculate the bond valence of P-O bonds using
the formula (26)
s ¼ 0:175  In224; 500 cm1=v4:29; (1)
where s is bond valence in valence units (vu) of the terminal phosphate
bonds and n the fundamental wavenumber. Interactions between terminal
phosphate oxygens and their environment were quantified according to the
bond-valence model (27), which states that the sum of all bond valences
around oxygen atoms is two. This sum includes covalent bonds and external
bonds, i.e., interactions with the environment. Thus, the bond valence due to
the interactions to each of the terminal oxygens is 2 minus the bond valance
of the terminal bond. Parameters for the bridging P-O bond can similarly be
obtained by subtracting the summed bond valences of the terminal P-O
bonds from the atomic valence of phosphorus, which is five.
Because bond valences are defined by experimentally determined bond
lengths, bond lengths can be determined from bond valences. In Eq. 2
(27), we applied the same parameters as had been used to derive the
frequency versus bond valence correlation (Eq. 1) (26),
LNs ¼ LN1 =s; (2)
where Ls is the bond length of a bond with bond valence s measured in vu,
and L1 is the bond length of a bond with a bond valence of 1 vu. The values
L1 and N are constants for a given type of bond (28,29). For P-O bonds, they
are N ¼ 4.29 and L1 ¼ 1.622 A˚ (29).
Two approaches were used to estimate the reduction of bond dissociation
energy of the bridging P-O bond due to binding of PEP to PK:
Approach 1. Bond dissociation energy can be regarded as linear to bond
valence (30).
Approach 2. Bond length L and bond dissociation energy E are correlated:
for several oxides, the inverse relationship
E  ðL L0Þ1
has been found (31), where L0 ¼ 1.171 A˚ for P-O bonds (32).RESULTS
Infrared absorption spectra of PEP and pyruvate
In our study of PEP binding to PK we first measured the
infrared (IR) absorption of the substrate PEP and the product
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FIGURE 2 Infrared spectra of (a) 100 mM unlabeled PEP, (b) 50 mM
labeled PEP, and (c) 100 mM pyruvate dissolved in H2O at pH 7.5.
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FIGURE 3 Infrared absorbance changes of PK upon PEP binding in the
presence of Kþ and Mg2þ in H2O. Traces a–c reflect 96, 180, and 240 s
spectra after addition of 25 mM PEP. Traces d and e show spectra of the
subsequent additions of 25 mM PEP measured 240 s after each addition.
The spectra have been shifted vertically for a clearer presentation.
Ligand Binding to PK 1933pyruvate. Absorption spectra of ADP and ATP have been
published before, both by us (33) and by others (34). The
absorption spectrum of unlabeled PEP at pH 7.5 is presented
in Fig. 2 a. The absorption band at 1569 cm1 is attributed to
the COO- antisymmetric stretching vibration and the band
of the symmetric stretching vibration was observed at 1407
cm1 (35). The band at 1229 cm1 is attributed to the
C-O(P) stretching vibration according to density functional
theory calculations (36) and in analogy to the phenyl C-O-P
linkage (35). In the phosphate absorption region, the (-PO3
2-)
stretching vibration bands were observed at 1103 and
974 cm1 and a mode composed of C-C stretching and COO-
scissoring vibrations at 879 cm1 (36). The band positions in
D2Owere the same as in H2O except for the COO
 stretching
vibrations and for the symmetric -PO3
2- stretching vibration,
which were observed at 1574 cm1 (þ5 cm1), 1411 cm1
(þ3 cm1), and 972 (2 cm1), respectively. The spectrum
of (2,3-13C2)-labeled PEP at pH 7.5 is presented in Fig. 2 b.
The antisymmetric COO stretching vibration splits into
two bands at 1589 and 1558 cm1 with the main band shifting
downwards by 11 cm1. The symmetric stretching vibration
shifts by only 5 cm1 to lowerwavenumbers,whereas a strong
24 cm1 downshift is observed for the C-O stretching vibra-
tion. All other band positions are only slightly affected by
labeling shifting down 1, 2, and 4 cm1 for the asymmetric
and the symmetric -PO3
2- stretching vibrations and the C-C
stretching/COO- scissoring vibration, respectively.
The absorption spectrum of pyruvate at pH 7.5 is pre-
sented in Fig. 2 c. The keto carbonyl stretch is observed at1708 cm1, whereas the COO- antisymmetric stretching
vibration absorbs at 1600 cm1 (37). The COO- symmetric
stretching vibration contributes to two bands at 1421 cm1
and 1399 cm1 (37) and the band of the CH3 deformation
vibration is observed at 1358 cm1. The band at 1175 cm1
is due to the C-CH3 stretching vibration (38). The COO-
antisymmetric stretching vibration was observed at
1616 cm1 in D2O, whereas other band positions were the
same as in H2O.
Infrared difference spectra of PEP binding to PK:
general features and data evaluation
In the following, we will discuss absorbance changes upon
PEP binding to PK. The spectra shown are difference spectra,
revealing the absorbance change due to binding. Positive
bands in the difference spectra are due to bound and free
PEP as well as to protein absorption of the quaternary
complex PK$PEP$Mg2þ$Kþ, while negative bands are due
to protein absorption of PK$Mg2þ$Kþ. The effect of three
PEP additions to PK samples in H2O and in the presence of
Kþ is shown in Fig. 3 (difference spectra in Fig. 3, a–e).
The difference spectra were recorded at pH 7.5 at room
temperature within 4 min after PEP addition. Difference
spectra a–c show absorbance changes due to PEP binding
to PK upon the first addition of PEP at different times after
the addition (84, 180, and 240 s). Protein conformational
changes are indicated particularly by bands in the amide I
region (1700–1610 cm1). Subsequent additions of PEP
(difference spectra in Fig. 3, d and e, for the second and third
additions, respectively) cause absorbance changes due to an
increase of the concentration of free PEP (bands at 1567,Biophysical Journal 98(9) 1931–1940
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FIGURE 4 Evolution of the 970 cm1 band after addition of PEP to PK.
(a) Series of overlaid spectra showing the band of the symmetric PO3
2-
stretching vibration after the first PEP addition. The spectra were recorded
in H2O within 240 s after the addition of PEP and were smoothed over
25 cm1. The band amplitude increased with time and the band position
shifted. (b) Time course of the band position after the first (I) and the second
addition (II) of PEP. Spectra were smoothed over 25 data points before eval-
1934 Kumar and Barth1407, 1229, 1107, and 974 cm1). These band positions are
slightly different from those found in the absorption spectra
because of different buffer and salt concentrations. No distinct
features are observed in the amide I region in the second and
third additions demonstrating the absence of conformational
changes and that the amount of PEP added in the first addition
was sufficient to saturate the binding sites.
The initial difference spectrum at 84 s after the first addition
is mainly due to formation of the PK$PEP complex, whereas
the difference spectrum 240 s after the first addition also
contains a contribution of the absorption of free PEP. This
is concluded from the shift of the symmetric PO3
2- band
near 970 cm1, which is evident in the difference spectra
from Fig. 3, a–c. The shift is shown more clearly in Fig. 4.
Fig. 4 a depicts the evolution of this band upon the first
addition of PEP. The -PO3
2- stretching vibration band shifts
gradually from966.6 cm1 to 970.5 cm1, as the PEP concen-
tration increases. This is because, initially, all PEP is bound
to PK, whereas later, the proportion of free PEP increases.
Fig. 4 b shows the kinetics of the band shift. In addition 2
(Fig. 4 b) and addition 3, the band position is 974.5 cm1,
which coincides with the position of PEP in aqueous solution
(Fig. 2 a). The final band position after the first addition is still
4 cm1 below that of the second addition, indicating ~50%
free PEP at the end of the first addition.
To determine the best time-interval for the observation of
the PEP$PK complex with only little-contribution by free
PEP, we evaluated also the kinetics of secondary structure
changes of PK upon PEP binding, using the band at
1696 cm1. The result is shown in Fig. 4 c. At 150 s, this
signal of protein structural change saturates, indicating that
binding is essentially complete. The rate-limiting step in
our experiments is the diffusion of the ligand into the sample
compartment. To minimize the contribution of free PEP and
to maximize the signal of the PEP$PK complex, we evaluated
the time-interval 84–144 s and normalized the spectrum to the
amplitude of the amide I signals in the 240-s spectrum. The
resulting difference spectrum, i.e., the PEP binding spectrum,
is shown in Fig. 5 a. It has the symmetric PO3
2- stretching
band at 968.1 cm1, indicating <20% of free PEP.
uation of the band position. Kinetics of the IR absorbance change of PK,
monitored by integrated band intensities at 1695 cm1, upon PEP binding
in H2O (c).Infrared difference spectra of PEP binding to PK:
band assignment
Fig. 5 compares PEP binding spectra for different conditions.
They were obtained as described in the previous section. In
PEP binding spectrum a, difference bands are observed in
the amide I spectral region, which is predominantly a C¼O
vibration of the protein backbone and absorbs between 1700
and 1610 cm1. The amide I absorption is sensitive to protein
backbone structure, and has been used for secondary structure
analysis. According to the literature (39–47), we tentatively
assign the 1696(þ) and 1678() cm1 bands to turns or
b-sheets, the signal at 1663(þ) cm1 to a-helical structures,
and the bands in the spectral region 1647–1621 cm1 toBiophysical Journal 98(9) 1931–1940b-sheets. The assignment of the 1696, 1678, 1663, and
1647 cm1 bands to amide Imodes is supported by the respec-
tive PEP binding spectrum recorded in D2O (spectrum in
Fig. 5 b) where these bands are found at slightly lower wave-
numbers. These results indicate that PK undergoes conforma-
tional changes when the substrate PEP binds, and it involves
all types of secondary structures.
The positive bands at 1590 and 1551 cm1 (difference
spectra in Fig. 3, a–c) are assigned to the antisymmetric
stretching mode of COO- groups, which is supported by their
upshifts in spectra recorded in D2O (Fig. 5 b). The positive
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FIGURE 5 Binding-induced absorbance changes of PK and ligand. All
spectra were recorded 84–144 s after the addition of ligand and normalized
to the amplitude of the amide I signals in the 240 s spectrum. (a and b)
Binding of unlabeled PEP in the presence of Kþ and Mg2þ in (a) H2O
and (b) D2O. (c) Binding of [2,3-13C] PEP in H2O. (d) Binding of PEP in
the presence of Naþ and Mg2þ in H2O. (e and f) Mg
2þ binding to PK in
the presence of Kþ in (e) H2O and (f) D2O. Band positions are labeled in
panels b–d if they differ from the respective positions in panel a. In panel
f, only those bands are labeled that have a different position in panel e.
The spectra have been shifted vertically for a clearer presentation.
Ligand Binding to PK 1935band at 1415 cm1 (Fig. 5 a) is assigned to the symmetric
stretching mode of COO- groups.
The band at 1485 cm1 is in the spectral range of the
absorption of the asymmetric CH3 bending vibration. The
band shifts in D2O to 1467 cm
1, which is indicative of
Thr CH3 absorption (48). Because the side chain of Thr
327
lies in the active site and interacts with the carboxylate of
L-phospholactate (4), we tentatively assign the band at
1485 cm1 to the asymmetric CH3 bending vibration of
Thr327. Bands at 1214 cm1 and below will be assigned in
the following paragraph with help of a PEP binding spectrum
obtained with labeled PEP.
Infrared difference spectra of PEP binding to PK:
bands of bound PEP
Bands of bound PEP were assigned with help of 2,3-13C2
labeling of PEP (see Fig. 1). The PEP binding spectrum
obtained for the labeled PEP is shown in Fig. 5 c and is
compared in the following to the respective spectrum for
unlabeled PEP in Fig. 5 a. The coincidence of all signals
in the amide I region (1700–1610 cm1) illustrates the excel-
lent reproducibility of our spectra. Isotopic labeling perturbs
the bands at 1590, 1415, 1214, and 968 cm1. The latter
three shift down by a few cm1, as expected for isotopic
labeling of PEP according to Fig. 2, and are therefore as-
signed to the symmetric carboxylate stretching vibration,
the C-O stretching vibration, and the symmetric PO3
2-stretching vibration, respectively, of bound PEP. The respec-
tive band positions of PEP in solution are 1407, 1229, and
974 cm1, which indicates that binding changes geometry
and bond strengths of the carboxylate and phosphate groups.
Regarding the 1111 cm1 band, the second derivative of the
two PEP binding spectra (data not shown) reveals two
components at 1124 and 1110 cm1. The former can clearly
be seen as shoulder in the PEP binding spectrum, and the
latter corresponds to the main band. We assign both compo-
nents to the phosphate group of bound PEP because the band
area of the asymmetric stretching vibration, according to
Fig. 2, is considerably larger than that of the symmetric
stretching vibration. The expected isotope shift of 1 cm1
will be difficult to detect in the difference spectrum, partly
due to the presence of a small fraction of free PEP molecules
that alters the position of the main band. Both component
bands of the asymmetric PO3
2- stretching vibration of bound
PEP are upshifted with respect to the respective band of PEP
in aqueous solution, which is found at 1107 cm1 under the
conditions of our experiment (Fig. 3 e).
The situation is more complicated for the 1590 cm1 band.
It clearly loses intensity and splits into two bands at 1596 and
1576 cm1. According to the component band positions in the
second derivative spectra (not shown), the downshift is
15 cm1 . This number is close to the 11 cm1 shift observed
in aqueous solution. Therefore, we assign the 1590 cm1 band
to the antisymmetric carboxylate stretching vibration of
bound PEP. The upshift for the high-frequency component
at 1596 cm1 is 6 cm1, which is smaller than the expected
21 cm1.We note that the upshifted component band, accord-
ing to Fig. 2, is expected to have a very low intensity and
might be masked by overlapping protein bands or bands
from minor binding modes of PEP.
In conclusion, the isotope effect on the 1590 cm1 band
clearly indicates that the antisymmetric carboxylate stretching
vibration of bound PEP absorbs near 1590 cm1. The band
position is 21 cm1 upshifted compared to the band position
in aqueous solution, revealing a distinct interaction with the
protein that will be further discussed below. The adjacent
carboxylate band at 1551 cm1 is not perturbed by isotopic
labeling of PEP. It is therefore assigned to carboxylate groups
of Asp or Glu residues—tentatively to those of Glu271 and
Asp295, which coordinate Mg2þ, or to Asp112, which binds
Kþ (4).PEP binding spectrum in the presence
of the activating monovalent ion Naþ
The effect of the activatingmonovalent cation onPEPbinding
was also studied. Fig. 5 d shows the PEP binding spectrum in
the presence ofNaþ, whereas those previously discussedwere
in the presence of Kþ (Fig. 5 a). The shape of the PEP binding
spectrum is similar, with both cations above 1650 cm1. Thus
a-helical and turn secondary structure elements are perturbed
in a similar way by PEP binding with both cations.Biophysical Journal 98(9) 1931–1940
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FIGURE 6 Enzymatic reaction of PK. Changes of IR absorbance induced
by addition of PEP to PK and ADP. The initial state of the sample was
a mixture of PK$Mg2þ$Kþ and ADP, then PEP was added. The spectrum
shown is averaged over the first 4 min after PEP addition.
1936 Kumar and BarthDifferences are observed in the b-sheet regionwhere a band at
1647 in the presence ofKþ shifts to 1641 cm1 in the presence
of Naþ and the negative band at 1632 cm1 (Kþ) is not
observed with Naþ. Bands of bound PEP are found at the
same positions for Naþ and Kþ, with the exception of the
band of the symmetric carboxylate vibration of PEP that shifts
from 1415 cm1 with Kþ to 1417 with Naþ. Overall, the
spectra indicate very similar interactions between protein
and substrate with both cations, with a slight modification
of the interactions of the carboxylate group.
Infrared difference spectra of Mg2þ binding to PK
The following section discusses absorbance changes upon
Mg2þ binding to PK. The difference spectra obtained are
named Mg2þ binding spectra. Positive bands in the Mg2þ
binding spectra are due to PK$Mg2þ$Kþ, whereas negative
bands are due to PK$Kþ. The Mg2þ binding spectrum in the
presence of Kþ in H2O is shown in Fig. 5 e. Spectrum e was
obtained upon the first addition of Mg2þ. Second and third
additions gave featureless spectra (data not shown). In the
Mg2þ binding spectrum, difference bands are observed in
the spectral region 1750–900 cm1. Upon comparison with
the respective spectrum in D2O (spectrum in Fig. 5 f),
some of the bands can be assigned. The band at 1694
cm1 shifts down to 1675 cm1, which is indicative of the
C¼O stretching vibration of Asn or Gln. The bands at
1485 cm1 in H2O and 1467 cm
1 in D2O induced by
PEP binding (Fig. 5 a) are also found upon Mg2þ binding,
and are again tentatively assigned to the asymmetric CH3
bending mode of Thr327. The positive band at 1417 cm1
is due to the symmetric stretching mode of COO groups,
which is supported by its upshift in spectra recorded in
D2O (Fig. 5 f). All other bands are in convoluted regions
of the spectrum and there is no unique way to interpret the
shifts observed in D2O. Possible assignments (47,49,50)
and deuteration-induced shifts are:
1664 cm1 (H2O)/ 1647 cm
1 (D2O, Asn, Gln),
1664 cm1/ 1606 cm1 (Arg),
1645 / 1647 cm1 (b-sheet, band shift probably only
apparent because of overlap by other bands),
1645/1630 cm1/ 1606/1587 cm1 (Arg),
1616, 1596 cm1 (H2O, not observed in D2O, Asn, Gln),
1569/1545 cm1/ 1587/1569 cm1 (Asp, Glu, shift is
larger than usual probably because of overlap by other
bands),
1545 cm1 (H2O, not observed in D2O, amide II).Infrared difference spectrum of the catalytic
reaction
The spectrum shown in Fig. 6 shows absorbance changes
due to the catalytic reaction of PK. The initial state of the
sample was a mixture of PK and ADP to which PEP was
then added, and the difference spectra reveal the absorbanceBiophysical Journal 98(9) 1931–1940changes upon PEP addition. The spectrum shown in Fig. 6 is
the average of spectra recorded during 4 min after PEP addi-
tion. Because of coincidence of the band positions in the
difference spectrum (Fig. 6) with those of reactants and prod-
ucts (Fig. 2, a and c, (33,34)), we attribute the positive bands
at 1600, 1358, and 1176 cm1 to the formation of pyruvate
(Fig. 2 c), absorption at 1248–1232, 989, and 914 cm1
to ATP production (35,36), the negative band at 940 cm1
to ADP consumption (33,34), and the negative bands at
975 cm1 and 1103 cm1 to PEP consumption (Fig. 2 a).
This indicates that PK is active in our IR samples.
The spectra are difficult to interpret in the amide I region
because some bands are caused by protein backbone changes
and others by the formation of pyruvate and ATP. For
example, the bands at 1702 and 1619 cm1 could be due to
bound pyruvate. Compared to the PEP binding spectrum
(Fig. 5 a), new bands are observed at 1680(þ) and 1638()
cm1 and the positive band at 1644 cm1 is missing in the
spectrum of steady-state turnover. This indicates that the
conformation at steady state is different from that induced
by PEP binding.DISCUSSION
The structural change of PK upon PEP binding
Spectroscopic studies can provide a detailed understanding
of the conformational changes that occur when a ligand
binds to a protein. In the case of pyruvate kinase, x-ray
(3,4,51–53), NMR (13,15), small angle neutron scattering
(54), and IR (23) studies are available. PEP binding by PK
leads to a more compact conformation of the protein (4,54)
due to closure of the cleft between A and B domains. The
previous IR study showed that PEP binding does not induce
significant interconversion between secondary structures in
PK, but does affect the microenvironment of the backbone
(23). Our results agree with this finding. However, by using
TABLE 1 Properties of the phosphate group of bound and free PEP
Phosphate group of bound PEP Phosphate group of free PEP
Terminal oxygen Bridging P-O Terminal P-O Bridging P-O
Wavenumbers of P-O stretching vibrations/cm1 1124, 1110, 967 1107, 974
P-O fundamental frequency or wavenumber/cm1 1069 1065
P-O bond valence/vu 1.3305 0.005 1.0105 0.015 1.32515 0.0005 1.02465 0.0015
Bond valence of external bonding/vu 0.6705 0.005 0.6755 0.0005
P-O bond length/A˚ 1.51775 0.0014 1.6185 0.006 1.51905 0.0002 1.61285 0.0006
Reduction of bond dissociation energy of bound PEP
relative to free PEP
1.4% (range 0–3%);
6 kJ/mol (range 0–12 kJ/mol)
The error of the bond parameters for bound PEP was determined as described in the text.
Ligand Binding to PK 1937reaction-induced IR difference spectroscopy, we were able to
detect the small IR absorbance changes associated with PEP
and Mg2þ binding. Only the changes at 1661 and 1639 cm1
(Fig. 5 b) have been identified in the previous IR study (23).
Our spectra give evidence for an involvement of b-sheets,
turns, and a-helical segments in the structural change upon
PEP binding. The spectra can be interpreted in terms of
secondary structure changes but are also sensitive to more
subtle changes of backbone structure and hydrogen bonding
within persisting secondary structure elements. To quantify
the structural changes of the polypeptide backbone upon
PEP binding to PK, we used the change of backbone struc-
ture and interaction (COBSI) index (45,55). It relates the
integrated intensity in the amide I region, which is redistrib-
uted upon the reaction, to the integrated total protein absor-
bance in that region. The COBSI index for PEP binding to
PK is 0.0014, which is more than two orders-of-magnitude
smaller (<1%) than COBSI indices for 100% secondary
structure changes (55). This indicates that ~1% of the peptide
groups contribute to a net change in backbone structure. The
COBSI index gives realistic estimates of the net change of
secondary structure (45,56). The total number of residues
that experience a secondary structure change may actually
be larger; however, these are not revealed in the IR spectra
when opposing changes in different regions of the protein
largely compensate (56). We conclude that the net change
of backbone structure of PK upon PEP binding is small
but clearly detectable with FTIR spectroscopy.
Infrared absorption of bound PEP
From our experiments with labeled PEP, we identified all
major absorption bands of PEP bound to PK. We obtained
the following assignments: 1590 cm1 (antisymmetric
carboxylate stretching vibration), 1415 cm1 (symmetric
carboxylate stretching vibration), 1214 cm1 (C-O stretching
vibration), 1124 and 1110 cm1 (asymmetric PO3
2- stretch-
ing vibration), and 968 cm1 (symmetric PO3
2- stretching
vibration). The corresponding band positions in solution
are 1567, 1407, 1229, 1107, and 974 cm1 under the condi-
tions of our experiment (Fig. 3, d and e). The spectral posi-
tions of bound PEP are shifted from their positions in
aqueous solution, which indicates different interactions inwater and when bound to the protein. In the following, we
will quantify the changes in bond parameters between the
bound and free forms.
Bond parameters of the phosphate group
of bound PEP
Bond parameters for the phosphate group were derived
following our previous work on the Ca2þ-ATPase (25) as
described in Materials and Methods. They are collected in
Table 1. The absolute error in bond lengths determined in
this way has been estimated to 0.004 A˚ from a comparison
between measured bond lengths and lengths determined
from vibrational frequencies (26). This corresponds to an
error in bond valence of 0.011 vu for the bridging P-O
bond and of 0.015 vu for the terminal P-O bonds using the
relationship between bond length and bond valence
(Eq. 2). This error holds when the correlation is applied to
a set of different molecules. As pointed out previously
(57), a large contribution to this error is due to the coupling
of the P-O vibrations with other vibrations, which is different
for different molecules. However, the coupling will be very
similar and the error largely abolished when the same
molecule in slightly different environments is compared.
Therefore, the error in this case is mainly determined by the
accuracy of determining the band position. For free PEP,
we assumed an accuracy of the band position of50.5 cm1,
which is an upper limit of the actual error. A deviation of
50.5 cm1 in the band positions changes bond valences by
<0.002 vu and bond lengths by<0.001 A˚. For the symmetric
P-O stretching vibration, we used its initial band position at
967 cm1 in the evaluation and assumed the same accuracy
of 0.5 cm1. Themain error for the asymmetric P-O stretching
vibration stems from the difficulty involved in being able to
observe a clear isotope shift. The values calculated are based
on the assignment given above, where the 1124 and the
1110 cm1 components were assigned to the two asymmetric
stretching vibrations of the phosphate of bound PEP. Two
limiting cases were used to estimate the error of the bond
parameters: one where both asymmetric vibrations absorb at
1110 cm1 and one where both absorb at 1124 cm1. In all
cases, the upshift of the asymmetric phosphate stretching
vibration indicates a shortening of the terminal P-O bonds.Biophysical Journal 98(9) 1931–1940
1938 Kumar and BarthThey are %0.3 pm shorter for bound PEP, illustrating the
extraordinary sensitivity of IR spectroscopy to bond-length
changes. Their bond valence is 1.330 vu for bound PEP and
1.325 vu for free PEP, i.e.,<1% higher for bound PEP. These
effects are due to weaker interactions of the terminal oxygens
of bound PEP with their environment, which amount to
0.670 vu (2–1.330) for bound PEP and 0.675 vu for free
PEP, i.e., 1% weaker for bound PEP. These values can be
compared to that for hydrogen bonds between water mole-
cules (0.17 vu) (27), which indicates that the strength of inter-
actionwith the terminal phosphate oxygens amounts to nearly
four typical hydrogen bonds per oxygen for bound and free
PEP. In conclusion, there is little change in the bond parame-
ters of the terminal P-O bonds due to binding of PEP, and the
strength of interaction between phosphate group and environ-
ment is similar for bound and free PEP. This indicates that
there is little contribution of the phosphate group to the
binding enthalpy of PEP.
The bond length of the bridging P-O bond is%3 pm longer
for bound PEP. Its bond valence was determined to 1.01 vu
(5–3  1.330) for bound PEP and to 1.025 vu for free PEP,
i.e., 1.4% weaker for bound PEP. Thus, the enzyme environ-
ment weakens the bond that is cleaved in the enzymatic reac-
tion already in the ground state of the complex between PK
and PEP. This weakening is, however, very small. Regarding
bond dissociation energy as linear to bond valence (30) and
assuming that the bridging P-O bond of free PEP has a typical
P-O single bond energy of 420 kJ/mol, the bond energy is
reduced by 6 kJ/mol (1.4%) upon binding of PEP. A second
estimation, using a bond-energy-versus-bond-length correla-
tion, gives a similar reduction. The maximum reduction in
bond energy obtained in one of the limiting cases is 3%.
This is in sharp contrast to our study on the E2P phosphoen-
zyme of the Ca2þ-ATPase (25) where the P-O bond to be
cleaved is weakened considerably by the enzyme environ-
ment. In conclusion, the bond dissociation energy of the
bridging P-O bond is weakened by only a few percent upon
binding of PEP to PK. Thus, there is no indication that binding
considerably distorts the substrate PEP toward a dissociative
transition state in the phosphate transfer reaction. This is in
line with the suggestion of an associative transition state (58).Bond parameters of the carboxylate group
of bound PEP
For the interactions of the carboxylate group, we evaluated
the quantum chemical calculations on the Hartree-Fock level
from Nara et al. (59). Our study calculated vibrational
frequencies and bond parameters for acetate in 15 different
environments, with and without interaction with explicit
water and several ions in different coordination modes. We
found that the shorter bond length Lshort correlates with the
band position of the antisymmetric stretching vibration of
the carboxylate group (nas). From the correlation (data not
shown) a shortening of the shorter bond of ~0.5 pm is in-Biophysical Journal 98(9) 1931–1940ferred when PEP binds to PK. However, this length change
is similar to the deviation of individual data points from the
trend line (0.7 pm). Therefore, a shortening of the shorter
bond cannot safely be concluded. However, the maximum
length change of the shorter bond can be estimated to
~1.3 pm (0.5 þ 0.7 pm). As for the phosphate group, it is
concluded that the bond length of the shorter carboxylate
C-O bond is only little-perturbed upon binding of PEP to PK.Monitoring enzyme activity with infrared
spectroscopy
Fig. 6 illustrates the benefits of using infrared (IR) spectros-
copy for enzyme activity measurements (60), in which ultra-
violet visible spectroscopy is used in indirect enzyme
activity assays. In contrast, IR spectroscopy is a method by
which one can directly follow enzymatic reactions and also
identify their reactants and products. Here, we were able to
observe the consumption of ADP and PEP as well as the
production of ATP and pyruvate due to the enzymatic
activity of PK.CONCLUSIONS
This work presents the first reaction-induced IR difference
spectra of PK. Infrared absorbance changes upon binding
of PEP were recorded with high sensitivity and high repro-
ducibility. They indicate small secondary structure changes
that affect all types of secondary structure. The absorption
bands of bound PEP were identified with help of isotopic
labeling of PEP. They indicate only little perturbation of
the covalent bonds of PEP upon binding: a weakening of
the bridging P-O bond by <3% and a bond-length change
of the stronger carboxylate C-O bond by maximal 1.3 pm.
Replacement of the activating monovalent ion Kþ by Naþ
does not change the binding mode of PEP. It is concluded
that the protein environment distorts the structure of PEP
very little toward that of a dissociative transition state in
the phosphate transfer reaction. The smallness of the effect
is also in line with an associative transition state.
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